Abstract. This paper investigates the stock-recruitment and equilibrium yield dynamics for the two species of tiger prawns (Penaeus esculentus and Penaeus semisulcatus) in Australia's most productive prawn fishery: the Northern Prawn Fishery. Commercial trawl logbooks for 1970-93 and research surveys are used to develop population models for these prawns. A population model that incorporates continuous recruitment is developed. Annual spawning stock and recruitment indices are then estimated from the population model. Spawning stock indices represent the abundance of female prawns that are likely to spawn; recruitment indices represent the abundance of all prawns less than a certain size.
Introduction
The Northern Prawn Fishery (NPF) is one of Australia's most important fisheries: its yearly exports earn between $100 million and $150 million (Dann et al. 1994) . The commercial fishery catch is made up of eight prawn species, but three of them-the banana prawn (Penaeus merguiensis), the brown tiger prawn (Penaeus esculentus) and the grooved tiger prawn (Penaeus semisu1catus)-make up almost 80% of the annual average catch (Somers 1 9 9 4~) .
Operationally, the fishery has two components: a daytime fishery for banana prawns, which targets schooling prawns, and a night-time fishery for tiger prawns. The fleet starts fishing for banana prawns at the beginning of the fishing season (mid March to mid April) and then progressively changes to tiger prawn fishing as banana prawn catch rates decline. At present the banana prawn fishery lasts only about three to four weeks, and the tiger prawn fishery lasts eight months but is interrupted by a one-month trawl closure in July.
The recruitment of banana prawns is strongly linked to the amount of rainfall during the annual wet season, and this is especially evident in the south-east of the Gulf of Garpentaria (Vance et al. 1985) . There is no evidence that fishing affects banana prawn recruitment, so management of the banana prawn fishery focuses on maximizing short-term (annual) yields by adjusting the opening date of the fishing season (Somers 1990~) .
The recruitment of tiger prawns appeared to be declining in the mid 1980s, but no clear reason for this decline was identified (Somers 1990b) . Worried by the lack of knowledge on the cause of the decline in recruitment, fishery managers decided, as a precaution, to decrease fishing effort in the tiger prawn fishery (Fig. 1 ). This management decision recognized implicitly that fishing was possibly one of the factors responsible for the decline in recruitment and therefore that there was a relationship between stock size and recruitment in tiger prawns, albeit undetected (Somers 1990b) . Regardless of how difficult it is to prove statistically the existence of such relationships for penaeid prawns, research on stock-recruitment dynamics can provide the basis for sound management decisions (Caputi 1993) . This type of research is still a priority for the NPF (Ferguson 1994) .
Almost 10 years have passed since the first evidence of decline in tiger prawn recruitment surfaced. In those 10 years the fishery has endured a vessel buy-back scheme that 25 -a) reduced boat numbers by 50%, and other restrictions on ---P ~s:cdentus fishing effort. These reductions in fishing effort have not -P semrsocat~s resulted in the expected increases in landings, and it is now time to revise the long-term yield predictions made five years ago for the tiger prawn fishery (Somers 1990~) . We have therefore re-examined the relationships between spawning stock and recruitment and between recruitment and the subsequent catch. We have also made new long-term average yield predictions for tiger prawns in the NPF. All analyses are made on the assumption that catches of these two tiger prawn species come from single stocks within the bounds of the NPF (Fig. 2) seasonal separation of the two species, it would be possible to implement management measures that target a particular stock or species of tiger prawns. This paper aims to provide information on the status of tiger prawn stocks so that managers of the Northern Prawn Fishery can evaluate the benefits of fishery regulations aimed at individual tiger prawn species. Asomen and Kirkwood (1991) . BKirkwood and Somers (1984) . C~armer (1980) . " Penn and Hall (1974) . EY. Wang, CSIRO Division of Fisheries, unpublished data. FAssumed.
Australia (Sachse 1994) . Both data sets are broken down by commercial species groups ('tiger prawns', 'banana prawns', 'king prawns' and 'endeavour prawns') and therefore do not distinguish between the two species of tiger prawn.
Research Survey Data
Monthly length-frequency distributions of l? semisulcatus were obtained from surveys carried out between 1986 and 1992 in the northeastern Gulf of Carpentaria, around Albatross Bay (Crocos and van der Velde 1995) . Monthly length-frequency distributions of Penaeus esculentus were obtained from surveys of the north-westem Gulf of Carpentaria, around Groote Eylandt, carried out for 18 months between 1983 and 1985 (Somers et al. 1987 ).
Biological Parameters
Growth and length-weight parameters, size at recruitment, and catchability were all obtained from previous studies ( Table 1 ). The lifehistory characteristics of tiger prawns suggest that their natural mortality is lower than that of banana prawns (Dall et al. 1990 ). Therefore, the instantaneous natural mortality coefficient, M, was assumed to be 0.045 (week-') for tiger prawns, which is smaller than the value of 0.05 estimated for l? merguiensis (Lucas et al. 1979 ) and equivalent to the value of 0.2 (month-') used in previous assessments of tiger prawns stocks in the NPF (Somers 1990a) .
l? senzisulcntus spawns year-round, with a major spawning peak between August and October and, in most years, a secondary peak between January and February (Crocos 1987a; Crocos and van der Velde 1995) . l? esculerztus has a similar pattern, but with smaller peaks (Crocos 1987b) .
The sex ratio (males:females) at recruitment was assumed to be 1 : 1.
Methods
The analysis is based on weekly catch and effort data to reduce the variations between successive daily catches. The biological year is assumed to start in November, when recruitment of both species is low, and finish in October.
Catch and Effort Estimates
The tiger prawn catch was estimated by adjusting the reported catch from logbooks to match the total landing from processors' returns. The ratio of logbook catches to processor landings varies from 50% in the early 1970s to over 95% in the 1990s (Sachse 1994 ). Nominal fishing effort was then calculated as the ratio between processor landings and catch per unit of fishing effort (from logbook data). This assumes that catch per unit of fishing effort estimated from logbook data is an unbiased estimate of the average catch per unit of effort for the entire fishery. Catch and fishing effort were then assigned to each of the two tiger prawn species according to the geographical distribution of the logbook catches and the geographical distributijn of the species (Somers 19946) . Somers (1994b) showed that at the scale at which logbook data is collected (6 X 6 min grids), the two species have almost mutually exclusive distributions. Effective fishing effort was calculated by assuming that average fishing power increases constantly every year. A 5% rate of increase in fishing power was estimated by Buckworth (1992) and has since been adopted in all assessments of the NPF fishery (Somers 1994a) . In addition to the 5% rate, we use a 2% and 10% rate for sensitivity analysis.
Annual Recruitment Pattern
The average fortnightly length-frequency distribution of each species was estimated from the research survey data by pooling the monthly data over the length of the survey. The number of recruits in each month was calculated as the sum of all prawns smaller than or equal to the size at recruitment 1, (Table 1 ). This number of recruits was then used to calculate each month's proportion of the annual recruits. Because monthly sampling effort was constant during the surveys, each month's proportion of the annual recruits represents catch per unit of effort and can be considered as an index of abundance for monthly recruits. The proportion of annual recruits a, recruiting each week i was calculated by linear interpolation of the monthly proportions.
Population Model
Annual recruitment and spawning stock indices were calculated from the estimates of weekly catches, the annual recruitment pattern, and a model of the prawn population. Weekly catches in weight were converted to catches in number by estimating the average weight of individual prawns for each week. Average weight was estimated from the proportions of prawns in each age (length) group in each week obtained in the prawn population model. This prawn population model is presented below; it can be regarded as a generalized version of the traditional virtual population analysis when recruitment cannot be treated as a single pulse.
Given ai (the proportion of annual recruits R coming to the fishing ground during week i), let Ni be the cumulative number of prawns surviving up to the beginning of week i, including those from previous years, and let Zi and Fi be the instantaneous total mortality and fishing mortality in week i, respectively. Fishing mortality was estimated as the product of effective fishing effort and catchability. If it is assumed that a recruit can appear any time during that week, the probability of a recruit from week i surviving to the end of week i is [I-exp(-Zi)]/Zi (which is denoted as Pi for convenience), and therefore the probability that recruits from week i are caught in week i is (1-Pi)FjZi. The recurrence equation of abundance can thus be written as where Piai is the discounted proportion at the end of week i of recruits arriving that week. The expected catch Ci is then (cf. Gulland 1983, pp. 99-105) Note that the catch (the right-hand side of Eqn 2) is made up of two components, corresponding to the catch of prawns recruited before and during week i, respectively. From the recurrence equation (Eqn I), we have where and Uj,, is the cumulative total mortality from week j to week i, i.e. i f j s i (and 0 otherwise). Here, N I is the surviving population from previous years and can be obtained when the annual recruits of those years are evaluated. From Eqns 2 and 3, we obtain
where Pi=yi-lPiFi+oci(l-Pi)F/Zii Therefore, the total annual recruits R can be estimated by
The annual spawning stock indices were estimated as the average number of spawning females per week in the population model. The number of spawning females in a given week i was calculated as the product of the abundance of females times the proportion of spawning females in each month obtained from Crocos (1987a, 19870) .
Estimates of recruitment and spawning stock indices were obtained by fitting the population model, with maximum likelihood, to the weekly history of landings and fishing effort estimated above for each tiger prawn species. This method requires an estimate of the value of N I for the first year (1970), which was initially assumed to be equal to zero. The model was then fitted to the data, and preliminary estimates of N, for the rest of the data series were obtained. The preliminary survival rate for 1970 was then used to obtain an initial value of N1 for 1970 during the final fit of the model to the data. The resulting indices were then fitted to relationshipspresented below-representing the spawning stock, recruitment and equilibrium yield dynamics of tiger prawn stocks in the NPF.
Spawning Stock-Recruitment Relationslzip (SRR)
Spawning stock-recruitment relationships were modelled according to Ricker's equation: where R, is the total number of recruits produced in year f and S,, is the spawning stock index of the previous year.
Recruirnzent-Spawning Stock Relationslzip (RSR)
The spawning stock (S,), resulting from the recruitment R, of the same year, depends on the weekly pattern of fishing effort (Eqn 3) but is well approximated (Penn et al. 1995) by where F, is the fishing mortality of year t.
Catch-Effort Relationslzip
The annual catch C, in tonnes is approximated by Note that the catch increases asymptotically to the maximum of R as fishing effort tends to infinity.
Fitting Procedures
Time series of recruitment and spawning stock indices, catch and fishing effort are strongly autocorrelated (for a review, see Hilborn and Walters 1992). To account for the possible coirelation in the error terms over years, log-linear, first-order autoregressive time-series models were developed for each of the last three relationships (Eqns 6 to 8). The annual recruits were estimated from Eqn 5 first. PROC MIXED and PROC NLIN (SAS 6.07) were used to obtain estimates of ai and bi. The residual \? predicted plots were examined and did not have any systematic patterns.
Equilibri~m Yield arzd Biological Reference Points
Eqns 6 and 7 can be solved for a given fishing mortality to give the equilibrium spawning stock and recruitment, i.e. the recruits that survive fishing replace, on a one-to-one basis, the adults that spawn them. Furthermore, if equilibrium recruitment and fishing mortality are incorporated in Eqn 8, the equilibrium yield can be estimated at different levels of fishing mortality. The relationship between fishing mortality and fishing effort (f) is assumed to be F = qf: The resulting relationships between equilibrium yield and fishing effort are thus analogous to surplus production models. The maximum sustainable yield (MSY) and the corresponding fishing effort (fMSY) are then obtained.
We also estimated two additional biological reference points from levels of fishing effort. The first one is f".,, an effort that is lower than fh,sy but that still yields 90% of MSY, which could be considered a target reference point (sensu Anon. 1993 ) for management of this fishery. The second,i.,,,, represents the fishing effort associated with the median RSR, where hazof the data points fall on each side of the curve (Sissenwine and Shepherd 1987) . This reference point is appropriate for stocks where there is little evidence of density dependence between spawning stock and recruitment becauseJ,., corresponds to a level of fishing effort such that the population will fluct&e in size without a trend (equal probability of increasing or decreasing). Any fishing effort higher than j&, will lead to lower recruitment and spawning stock size. We therefore propose that&.
be used as a limit reference point (sensu Anon. 1993 ) for fishing effort: management would have to react if it is surpassed.
To describe the impact of data from different years in the estimates of MSY and fMSy, the effect of each data point on the SRR was investigated by a procedure similar to the jackknife or cross-validation techniques (Miller 1974) . One data point at a time was left out, resulting in n samples of n -1 data points each, where n is the number of data points in the original sample (n = 23). Parameters of the SRR were obtained for each subset of the data and used to estimate MSY and fMsu.
Results

Annual Recruitment Pattern
For both tiger prawn species the peak in recruitment was between December and February. For P esculentus, however, there was a secondary peak in April. Recruitment was low for both species between May and September (Fig. 3) .
Recruitment and Spawning Stock Indices
In comparison with other years in the period 1985 to 1993, recruitment of P esculentus was high in 1991 and hence spawning stock was high in 1991 (Fig. 4a) . Over the last 10 years, however, neither recruitment nor spawning stock have increased to the levels of the 1970s. Estimates of recruitment indices show that recruitment and spawning stock size have been fairly stable for I! semisulcatus since 1985 (Fig. 4b) .
The 1993 spawning stock of esculentus is about 60% smaller than in the mid 1970s, and the P. semisulcatus stock is about 50% smaller. Similarly, recruitment has decreased by 50% for l? esculentus and 30% for l? semisulcatus.
Spawning Stock-Recruitment Relationship (SRR)
The autocorrelation estimated in the SRR was greater for P esculentus than for P. sernisulcatus, but the evidence of density dependence was clearer in P. semisulcatus than in f? esculentus (b, is closer to zero for P esculentus) ( Table 2) .
For both species of tiger prawns the stock-recruitment relationship shows significant variability (Fig. 4) , but this variability was greater for f? esculentus ( R~ = 0.23) than for l? semisulcatus (R2 = 0.52). Statistical residuals between the estimated indices and the predicted SRR are larger for the early years of the fishery than for recent years. This is likely to be the result of the correlation between the error in those estimates and the value of the estimate.
Recruitment-Spawning Stock Relationship (RSR)
In the case of both l? esculentus and l? semisulcatus, these relationships approximated the data very well, and recruitment and fishing mortality explained most of the variability in subsequent stock size (R= = 0.96 for f? esculentus and R2 = 0.95 for I? semisulcatus). As in the case of the SRR, the autocorrelation was greater for I? esculentus than for I? semisulcatus (Table 2) . It is worth mentioning that these R~ values overestimate the goodness of the models because the annual recruitment indices were estimated from the catch and effort data. 
Catch-Effort Relationship
The data fitted the model very well; however, unlike the SRR and the RSR, the estimated parameters for the catch and effort relationships were quite similar for both species of tiger prawns (Table 2 ). This is not surprising given that catchability is assumed to be the same for both species and that there is less uncertainty in the estimates of catch than in the estimates of spawning stock size.
Equilibrium Keld and Biological Reference Points
The intersection of the SRR and the RSR provides predicted equilibrium recruitment for a given fishing effort. The recruitment off? esculentus in 1993 was 20% below the predicted equilibrium recruitment-at a fishing effort of 7500 boat-days (Fig. 4a) . Recruitment of I? semisulcatus in 1993 was 25% below the expected equilibrium value-at a fishing effort of 8700 boat-days (Fig. 46) .
The MSY for both species of tiger prawns was estimated to be well below the historic maxima in landings, especially for Fi esculentus. The MSY estimate for I? esculentus was estimated as 1900 t and for I? semisulcatus as 2200 t. To these estimates correspond fMSY values of 7300 boat-days for I? esculentus and 12800 boat-days for I? semisulcatus (Fig. 5) . Both of these values are in 1993 boat-day units.
A yield only 10% lower than MSY can be obtained at a substantially lower fishing effort (fo.J. This fishing effort is 4900 boat-days for I? esculentus and 8300 boat-days for I? semisulcatus. Estimates of frep are 3700 boat-days for I? esculentus and 8300 boat-days for I? semisulcatus.
This analysis shows strong yearly correlations between the observations, and jackknife resampling is therefore inappropriate for variance estimation; however, jackknife resampling can be used to highlight the influence of individual years on the overall analysis. The jackknife estimates of MSY were equally variable for I? esculentus (1600-2000 t) and I? semisulcatus (2000-2500 t). Jackknife estimates of f M S Y , however, were less variable for P. esculentus (6300-8000 boat-days) than for I? semisulcatus (10800-16000 boat-days) (Fig. 6) .
Those years that change MSY and fMSY the most when excluded are 1975, 1977, 1983, 1986 and 1991 for I? esculentus and 1971, 1972, 1974, 1975, 1979 and 1982 for I? semisulcatus (Fig. 6) .
The estimated MSY for both species of tiger prawns was 4100 t, but according to the jackknife results this estimate ranged from 3600 to 4500 t. Similarly, the best estimate of fMSY for both species was 20 100 boat-days, but jackknifed estimates ranged between 17 100 and 24000 boat-days.
Equilibrium yield results are very sensitive to the rate of increase in fishing power used in the analysis (Fig. 5) . If the rate of increase was 2%, MSY for I? esculentus would be 2200 b and fishing effort over the period 1989-93 would have been below fMsY. If the rate of increase was as high as . Jackknife estimates of maximum sustainable yield (MSY) and corresponding fishing effort fMsy for the two tiger prawn species (Penaeus esculentus and P. semisuJcatus) in the Northern Prawn Fishery. Solid square and solid circle represent non-jackknifed estimates. Data-point labels correspond to the year excluded in the estimation of parameters of the spawning stock-recruitment relationships. Only those data points that depart the most from the non-jackknifed estimate are labelled. lo%, then the MSY would be 1600 t and fishing effort over the period 1989-93 would lead to severe overfishing. In fact, under such a high rate of increase in fishing power the equilibrium model would have predicted a complete collapse of the brown tiger prawn stock.
For a 2% rate of increase in fishing power the MSY for l? semisulcatus is 2100 t, the same as for a 5% increase. For such a low rate of increase in fishing power, though, fishing effort over the period 1989-93 would have been below fMSY. If the rate of increase in fishing power was lo%, then MSY would be as large as 3 100 t and fishing effort over the period 1989-93 would have been close to fMsy.
Discussion
The population model developed here is inherently complex because it incorporates the observed weekly patterns of fishing effort, recruitment and proportion of females spawning. Models of stock-recruitment dynamics can be incorporated in such a population model to estimate the stock-recruitment parameters directly. This approach, however, requires specifying the exact form of the SRR, before the population abundance indices are estimated. In this paper we chose the simpler approach because of the historical difficulties of establishing such a relationship (Somers 1990b .
The RSR and the catch-effort relationship used here can be considered as empirical approximations of the dynamics of the stock expressed in Eqns 1 to 5. Such relationships, as reported elsewhere (Penn et al. 1995) , explain most of the variability in the dependent variable (spawning stock and catch respectively). That is why the uncertainty associated with the above two relationships was not considered in the estimation of the variability associated with the estimates of biological reference points and equilibrium yield.
In the Northern Prawn Fishery, tiger prawn recruitment has decreased from its historic peak by around 40-50%, which is significantly less than the 80% reductions reported for the l? esculentus fisheries of Shark Bay and Exmouth Gulf in Western Australia (Penn et al. 1995) . However, reductions in fishing effort instigated by NPF management have not led to significant increases in recruitment, as has occurred in Exmouth Gulf (Penn et al. 1995) .
In the Northern Prawn Fishery, spawning stock size and recruitment of tiger prawns have not varied greatly over the past 10 years. As a result, the new relationships developed here confirm the work on recruitment overfishing in the NPF done in the mid 1980s (Somers 1990a ) and on the SRR of tiger prawns in the western Gulf of Carpentaria (Somers 1992) . These studies used the total catch as an index of recruitment and the catch per unit of fishing effort during the main spawning season as an index of spawning stock.
The present study confirms the results of Somers (1990a Somers ( , 1992 , who identified the possibility of recruitment overfishing of l? esculentus from 1978 and of l? semisulcatus from 1983. Interestingly, recruitment of l? semisulcatus has decreased less than recruitment of l? esculentus, even though fishing effort directed to l? semisulcatus has been maintained at high levels during the past 10 years whereas fishing effort directed to l? esculentus dropped considerably in the mid 1980s. This may be a result of the differences in the migratory behaviour of the two species: I! semisulcatus moves out of the fishing grounds for a few months of the year, whereas l? esculentus does not (Somers and Kirkwood 199 I) .
The present analysis suggests that effective fishing effort on P. serrzisulcatus grew until 1989 and started to decrease only after 1990. Since 1990, effective fishing effort directed to P sernisulcatus has dropped by 30%. However, according to the present analyses, such a drop would lead to only a small change in equilibrium yield (Fig. 5b) . The fact that in 1993 recruitment of l? semisulcatus was 25% lower than the equilibrium recruitment predicted by the model cannot be easily explained. The next few years of tiger prawn data will be critical to determine whether this level of recruitment remains depressed, as has been the case with l? esculentus.
Effective fishing effort directed at P esculentus decreased by almost half between 1983 . It increased again between 1987 and 1989 however, in 1993 it was still 30% lower than the 1983 maximum. Over the last 10 years, recruitment and spawning stock have varied by 40-50%. In spite of the short lifespan of penaeid prawns, because of the continuous fluctuations in fishing effort it is unlikely that the l? esculentus stock would reach or remain in equilibrium for very long. It is therefore possible that the large changes in fishing effort have resulted in the observed fluctuations in recruitment and spawning stocks of l? esculentus.
Recent tiger prawn yields, however, have been consistently lower than the equilibrium yields predicted by our models. Several hypotheses can be proposed to explain this. The first hypothesis is that the true SRR is more linear than the ones estimated here. A small decrease in the curvature, i.e. the degree of density dependence, of the SRR would lead to a substantial decrease in the SRR equilibrium point (Fig. 4b) .
A second hypothesis is that recent yields reflect changed environmental conditions for the l? esculentus stock. Poiner et al. (1989) reported how in March 1985 Cyclone Sandy destroyed 20% of the seagrasses within the Gulf of Carpentaria. Recent data suggest that it has taken 10 years for those areas to recover to the state they were in before Cyclone Sandy (R. Kenyon, CSIRO Division of Fisheries, unpublished data). How such substantial losses of seagrass affected the SRR is difficult to say, but it is possible that they were responsible for a drop in carrying capacity of juvenile prawn nursery areas and a decrease in abundance of I? esculentus. Given that those seagrass beds are now back to their pre-Cyclone Sandy state, the magnitude of recruitment of brown tiger prawns over the next few years could confirm or reject this hypothesis.
The amount of recruitment variability not explained by the levels of spawning stock in the P. esculentus fisheries of Exmouth and the NPF is remarkably similar (Fig. 4a of this study; and Penn et al. 1995) . Given that environmental factors have been shown to explain a significant fraction of this unexplained variability in Exmouth Gulf (Penn and Caputi 1986; Caputi 1993) , it is possible that similar environmental factors affect recruitment of l? esculentus. These environmental factors affecting recruitment of l? esculentus in the NPF, however, have not been identified and are the subject of current research.
Yet another hypothesis is that there is more than one stock in the NPF for each of the two tiger prawn species. Some of the tiger prawn fishing grounds are separated by large distances (e.g. the Albatross Bay area and the rest of the tiger prawn fishing grounds in the Gulf of Carpentaria, Fig. 1 ). In fact, the historic patterns of tiger prawn landings are quite different in the various regions of the NPF (Robins and Somers 1994) . Several of these areas may function as independent stocks and recruitment might therefore be mainly determined by local fishing effort and spawning stock. In such a case, SRRs may have to be defined for each of these areas before the true relationships between spawning stock and recruitment can be understood for the whole fishery.
There are other uncertainties in our estimates of population indices and equilibrium yield that have not yet been considered. The effects on yield predictions of model uncertainty (e.g. Ricker v. Beverton and Holt stockrecruitment model), of uncertainty in population parameters, and of errors in landing and effort estimates are unknown and should be quantified in further analyses. Regardless of these uncertainties, however, some important conclusions can be reached from this study. The 1993 fishing effort directed towards T1 esculentus (7500 boat-days) seems close to the estimated fMSY (7300 boat-days) but well above fo (4900 boat-days) and fRp (3700 boat-days). It is often argued that the economic optimum is always obtained at a fishing effort lower than fMSY (for a review, see Anon. 1993) . The value off&, however, suggests that the present effort will lead to decreased recruitment and stock size. It must therefore be concluded that the present data on spawning stock and recruitment dynamics for P. esculentus suggest that present fishing effort is excessive.
For l? semisulcatus, however, the 1993 fishing effort was 8700 boat-days, closer to the 8300 boat-days corresponding to fo and f,,, than to the 12 800 boat-days corresponding to fMSY. In such a case, present fishing effort should be close to the optimum.
Our predictions of equilibrium yield as a function of fishing effort are very sensitive to the rate of increase in fishing power, especially for brown tiger prawns. Depending on what value of the rate of increase in fishing power is used, the model would suggest that during 1989-93 brown tiger prawns were either severely overfished (fishing effort was much higher than fMSY) or slightly underfished. The assessment of the status of stocks of grooved tiger prawns during 1989-93 is not as sensitive to this rate of increase in fishing power as the assessment for brown tiger prawns. During 1989-93 grooved tiger prawns were either fully fished or slightly underfished.
As shown above, it is critical to determine the rate of increase in fishing power. The incorporation of new technology such as plotters and global positioning systems (GPS) between 1988 and 1990 is thought to have dramatically increased fishing power. If the increases were as high as 40%, as suggested by some NPF operators, population estimates derived by assuming rates of increase of 2% or 5% would be biased. However, preliminary analysis of the effects of such technological changes suggests that the increase in fishing power was closer to 10% (C. Robins, CSIRO Division of Fisheries, personal communication). In the Western Australian rock lobster fishery, the adoption of GPS increased fishing power by 12% and colour echo-sounders by 15% (Brown et al. 1995) . In fact, the 5% annual increase in fishing power adopted in the present analysis would represent a 25% increase in fishing power between 1989, the year that GPS started to be commonly used by the NPF fleet, and 1993. We therefore believe that a rate of increase of 10% per annum is unlikely to have occurred and that the sensitivity analysis results for such a rate of increase should be considered as a 'worst-case scenario'. On the other hand, the rate of increase in fishing power must be greater than zero, therefore 2% should be considered as a 'best-case scenario'.
Let us now assume that fishing power keeps increasing by 5% every year and that there will be no further changes in the number of boats after 1993 (the last year of the accelerated boat buy-back scheme instituted by the managers of the fishery). By 1995 effective fishing effort will have reached 5700 boat-days for P. esculentus and 12700 boat-days for P. semisulcatus. That means that in less than two years the fishery will be operating at levels of fishing effort that are likely to be excessive for both species. It is therefore necessary, as suggested by certain sections of the NPF industry (Ferguson 1994) , to urgently consider new management options to control the likely increases in fishing effort in the tiger prawn fishery and to further protect the spawning stock.
